A young man suffering from recurrent Neisseria infections was shown to lack detectable serum complement factor D hemolytic activity. Addition to the patient's serum of purified factor D to a final concentration of 1 ;g/ml resulted in full restoration of the activity of the alternative pathway. Using an enzymelinked immunosorbent assay, it was shown that the patient's serum did not contain measurable amounts of factor D antigen either. The sister, the father, as well as the parents of the mother had factor D levels within the normal range, and the factor D level of the mother was decreased. The capacity of the patient's serum, at concentrations up to 5%, to promote phagocytosis of Escherichia coli by normal human granulocytes was low when compared to normal serum. Substitution of the patient's serum with purified factor D resulted in a full restoration of opsonic activity. This study describes the first complete deficiency of factor D, and demonstrates its possible relation to recurrent Neisseria infections.
Introduction
The role of the complement system in the defence against infectious agents and in the clearance of immune complexes has been studied in detail both in vitro and in vivo. The prevalence of complement deficiencies in patients with bacterial infections and a variety of autoimmune disorders is well documented. For instance it has been shown that the incidence of heterozygous C2 deficiencies in the general population is low (1.2%), but a higher incidence (5.9%) has been reported in patients with systemic lupus erythematosus (1) . In patients suffering from disseminated Neisserial infections the incidence of deficiencies in the terminal components of the complement system may be as high as 10-15% (2).
The complement system is composed of 14 plasma proteins, and its activity is regulated by five fluid-phase and four membrane-bound regulatory proteins. Complement deficiencies have been described for all components ofthe classical and terminal pathways, and for the components of the alternative pathway except for factor B (reviewed in reference 3) . The (functional) deficiency of the regulatory proteins Cl-Inactiva-tor (Cl-In)' and decay-accelerating factor (DAF) is associated with hereditary angioneurotic edema and paroxysmal nocturnal hemoglobinuria, respectively. Defects in the inhibitors factor I (4) (5) (6) (7) (8) and factor H (partial) (9) , properdin (P) (10) , and a partial functional deficiency of factor D (11) have been described. Except for the partial factor H deficiency, all these deficiencies were accompanied by recurrent infections.
In the present study a patient, suffering from recurrent Neisseria infections, with a defect in the activity of the alternative pathway is described. No hemolytic activity of factor D could be demonstrated in the patient's serum. The availability ofan antiserum against factor D enabled us to demonstrate the complete absence of factor D antigen in the serum of the patient, and low levels in the serum of his mother.
Methods

Case history
In 1985, a 24-yr-old male was admitted to the Red Cross Hospital (The Hague, The Netherlands) because of fever, arthralgias, myalgia, and a generalized rash. The patient had recurrent episodes of high temperature with intervals ofwell-being. Extensive laboratory analysis ofblood and urine showed no abnormalities. The CH50 test, a hemolytic activity assay for the whole complement system, however, was decreased, and activity in the AP50 test, a measure for the alternative and terminal pathways, was shown to be absent. The patient's IgG, IgM, and IgA concentrations were normal. Subclass analysis of IgG (kindly performed by Dr. P. Bird, Newcastle upon Tyne, UK) showed no abnormalities. Blood cultures were repeatedly negative, until the blood sample taken on day 32, which was shown to contain Neisseria gonorrhoeae. The patient has been treated with penicillin G, which was changed to cefotaxime after 20 d because of a penicillin allergy. Since the patient recovered, he has been well.
In 1975 (when the patient was 14 yr old) he was admitted to a hospital because of meningococcal meningitis. The patient was then successfully treated with penicillin G and sulfonamides. At the age of 19, the patient was again admitted to the Red Cross Hospital, and blood cultures revealed the presence of N. gonorrhoeae.
Materials
Factor D. Factor D was purified from 3,000 ml normal human plasma essentially according to published procedures (12) . Final purification was performed by ion exchange chromatography (TSK CM-3SW; LKB Produkter AB, Bromma, Sweden) in a high performance liquid chromatography set up (LKB Produkter AB). Upon analysis using 13% SDS-PAGE (13) only one band corresponding to a molecular weight of 24 kD was detected.
Antiserum against factor D. To obtain antibodies against factor D, a rabbit was immunized with a conjugate of bovine thyroglobulin (BTG) (14) and factor D in complete Freund adjuvant. To prepare the factor D-BTG conjugate, 110 Ig factor D was mixed with 500,Mg BTG in a final volume of 3 ml PBS containing 0.05% glutaraldehyde. After incubation for 1 h at room temperature, the mixture was dialyzed against PBS containing 2 mM EDTA for 16 h at 4VC. 500 ul factor D-BTG was mixed with an equal amount of complete Freund adjuvant for each of the three immunizations. A 33% ammonium sulfate precipitate of the antiserum was affinity purified using an immunosorbent of partially purified factor D.
ELISA for factor D. Microwells (Titertek, Flow Laboratories, Zwanenburg, The Netherlands), were coated by overnight incubation at room temperature with 100 1d anti-D at 6,qg/ml in carbonate buffer at pH 9.6 (all reaction volumes were 100 Al). After washing, the plates were incubated with a sample containing factor D diluted in PBS containing 0.05% Tween-20 and 1% heat-inactivated (30 min at 560C) newborn calf serum (PBS-Tw-NBCS) for 1 h at room temperature. Next the plates were washed, and anti-D conjugated to biotin (Zymed Laboratories Inc., San Francisco, CA) was added, and incubated for 1 h at 370C. Binding of anti-D biotin was detected using streptavidin conjugated to horseradish peroxidase (HRP) (Zymed Laboratories Inc.), and subsequent incubation with O-phenylenediamine (Sigma Chemical Co., St. Louis, MO) as a substrate for the HRP. The reaction was stopped by the addition of 25 Ml 1 M H2SO4, and the OD was read at OD 492 nm. The assay was calibrated using purified factor D.
Complement assays. Hemolytic titrations for CH50 (15), AP50, C 1, C4, C3 (16), factor D (17) were performed as described. Clq, C4, C3, factor B, factor H, factor I, and CI-In were determined by radial immunodiffusion using monospecific antisera as described (18) . Immunochemical quantitation ofC2 and P (19) was kindly performed by Dr. A.
Sjbholm (Department ofImmunology, Institute of Medical Microbiology, Lund, Sweden). Fractionation ofpatient's serum. Patient's or normal serum was fractionated by gel filtration on a 1.5 X 90 cm column of Sephadex G-75. The column, equilibrated in Veronal-buffered saline containing 0.15 M NaCl and 2 mM EDTA, was run in the same buffer at a flow rate of 4.5 ml/h. Fractions (1.5 ml) were collected and assayed for protein content by the Folin method, and for factor D using the hemolytic assay and the ELISA. In addition, "trypsin-activatable" factor D activity was assessed as described (11) .
Phagocytosis assay. The capacity ofthe patient's serum to promote the phagocytosis of E. coli by normal human granulocytes was determined essentially as described (20) . Briefly, 5 X 106 granulocytes were mixed with 5 X 106 serum resistant E. coli 054 in the presence of various concentrations of serum in a final volume of 1,100 ,l HBSS containing 0.1% gelatin (HBSS-gelatin). After different periods of incubation at 370C and under slow rotation at 4 rpm, 250-M1 samples were withdrawn and added to 750 Ml ice-cold HBSS-gelatin. Next granulocytes and granulocyte-associated bacteria were pelleted by centrifugation for 4 min at 110 g, and the number of viable bacteria in the supernatant was determined by a microbiological assay. The percentage phagocytosis was determined as the decrease in the number of viable nongranulocyte associated bacteria, and corrected for the growth of bacteria in the absence of granulocytes (20) . functional deficiency of factor D. To characterize the nature of the deficiency, an ELISA specific for factor D was developed. Using this ELISA, a dose-dependent reaction was observed using normal human serum, whereas the patient's serum did not react (Fig. 1 ). This absence of factor D function and antigen could be due to inhibition of factor D activity by binding to other serum components. To exclude this possibility, normal and patient's serum was fractionated on a Sephadex G-75 column and the fractions were assessed for factor D (Fig. 2 ). Factor D functional and antigenic activity was observed in the same fractions upon gel filtration ofnormal human serum, but no activity was detected in the fractions of patient's serum. These data also demonstrate the specificity of the factor D ELISA. In addition, each fraction was treated with 10 ,g/ml of trypsin. This did not result in the detection of factor D, suggesting an absence of "trypsin-activatable" factor D. Next the capacity of purified factor D to restore the AP50 activity of the patient's serum was investigated. Addition of 1 ,gg/ml of factor D to the patient's serum resulted in full restoration of AP50 activity to the same level as that observed in normal human serum (Fig. 3 ). These results exclude a possible inhibition of factor D activity in the patient's serum.
Results
Extensive immunological investigation of the patient only revealed a decreased CH50 and the absence of AP50 activity. To gain insight into the cause of these abnormalities, an analysis of the individual complement components was performed (Table I ). In addition to the abnormalities in the CH50 and AP50, a complete functional deficiency of factor D was observed. All the other components of the alternative and classical pathway were normal.
Because factor D activity in the patient's serum was investigated in a functional assay using D-depleted serum, the lack of factor D activity in the patient's serum could be caused by a Since the alternative pathway is involved in the opsonization of microorganisms that activate the alternative pathway, the opsonic activity of the patient's serum was investigated. Granulocytes, obtained from a healthy volunteer, were incubated with different concentrations of patient serum in the presence or absence of purified factor D, and a constant number of E. coli 054. In the presence of normal AB serum, a concentrationand time-dependent phagocytosis was observed ( Fig. 4 ). Little phagocytosis occurred in the presence of 1, 5, or 10% patient serum. Reconstitution of the patient serum with purified factor D to a final concentration of 5 ug/ml resulted in increase in the extent of phagocytosis to the same level as that observed in the presence of normal AB serum.
To gain insight into the mode of inheritance ofthe factor D deficiency, a limited family study was performed. All family Time (min) Figure 4 . Effect of substitution of serum with factor D on the phagocytosis of E. coli by human granulocytes. 5 X 106 granulocytes were incubated for indicated periods at 370C and under slow rotation at 4 rpm with 5 X 106 E. coli 054 in the presence of various concentrations of patient's serum, in the presence or absence of purified factor D, or normal AB serum. After centrifugation of the granulocytes and granulocyte-associated bacteria, the number of viable bacteria in the supernatant was determined, and used to calculate the percentage phagocytosis.
members studied were clinically healthy and did not have a medical history of recurrent infections. The hemolytic activities of the total complement system (CH50) were decreased in the serum of the patient, his mother and his sister (Table II) . The activity of the alternative pathway (AP50) and factor D were absent in the patient serum and decreased in the serum of the mother and in one of the two serum samples of the sister. In addition, phagocytosis of E. coli in the presence of 1% serum of the mother and sister was decreased, whereas phagocytosis in 2.5 or 5% serum was normal (results not shown). No abnormalities were observed in the serum of the father and the parents of the mother. Using these data, a family tree was constructed (Fig. 5 ). Figure 5 . Family tree of the patient with factor D deficiency. The patient with the complete deficiency is represented by a closed square, and the mother with a partial deficiency by a half-closed circle.
Discussion
A young man suffering from recurrent Neisseria infections was found to have a complete deficiency of factor D of the alternative pathway. Factor D is a serine protease with a molecular weight of 24,000, which is involved in the formation of the C3 convertase of the alternative pathway. It cleaves factor B present in a Mg2+-dependent complex with C3b (21, 22). Its amino acid sequence (12, 23) and partial DNA sequence (24) have been described. It is present in a presumably active form in serum, and no inhibitors present in serum have been described (22) . The serum concentration is 1-2 ,ug/ml (12, 22, 25, 26) . Factor D is probably filtered through the glomerulus and, under normal conditions, nearly completely reabsorbed within the tubules (27). The patient described in this study is the first case of a complete factor D deficiency. A previous report ( 11) described a twin with a partial (8% of normal levels) deficiency of factor D. Apparently the defect in the present case is inherited, since the mother shows half-normal levels of factor D. The factor D levels in the father, the sister and parents of the mother of the patient were within the normal range. This can be explained by an X-linked mode of inheritance, as has been described for properdin deficiency (10, 28) , in which the putative new mutation has occurred in the mother. Further studies are clearly required to support this suggestion. In addition, further studies are required to explain the wide variety in specific activities of factor D in the sera studied in Table II . The deficiency offactor D was demonstrated by the lack of factor D functional activity (Table I) , and by the absence of factor D antigen (Fig. 1) . Reconstitution of the serum with purified factor D could restore the defective functions in AP50 ( Fig. 3 ) and opsonic (Fig.   4 ) activity and C3 cleavage induced by incubation with zymosan (unpublished observation). In addition to the defect in factor D, decreased CH50 activity was'observed in the patient, his mother, and sister. Since in these serum samples, C2 functional activity, in contrast to C2 antigen, was also decreased (results not shown), this may be explained by an increased consumption of C2 in vitro after taking the blood sample.
In contrast to the previously described partial deficiency of factor D, the total deficiency described in this paper is associated with N. meningitidis and N. gonorrhoea infections.
These infections have also been related to deficiencies of the components of the terminal pathway (2), and infections with N. meningitidis can be associated with properdin deficiencies (28) . The patient has now been vaccinated against meningococcal infections, and because the patient has an intact classical and terminal pathway of complement, this is expected to prove helpful. The results of the present study support the recommendation that an analysis of the complement components is required in patients with recurrent neisserial infections (29). This analysis should not only consist of a standard CH50 test, but should also include an assay for the activity of the alternative pathway (AP50).
